Strain SY1, identified as a Corynebacterium sp., was isolated on the basis of the ability to utilize dibenzothiophene (DBT) as a sole source of sulfur. Strain SY1 could utilize a wide range of organic and inorganic sulfur compounds, such as DBT sulfone, dimethyl sulfide, dimethyl sulfoxide, dimethyl sulfone, CS2, FeS2, and even elemental sulfur. Strain SY1 metabolized DBT to dibenzothiophene-5-oxide, DBT sulfone, and 2-hydroxybiphenyl, which was subsequently nitrated to produce at least two different hydroxynitrobiphenyls during cultivation. These metabolites were separated by silica gel column chromatography and identified by nuclear magnetic resonance, UV, and mass spectral techniques. Resting cells of SY1 desulfurized toluenesulfonic acid and released sulfite anion. On the basis of these results, a new DBT degradation pathway is proposed.
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Coal is an abundant and economical source of energy and could become an increasingly important fuel. A major disadvantage associated with use of coal as a fuel is emission of sulfur dioxide into the environment during direct combustion. The technology of flue gas desulfurization is now established and generally used for desulfurization of coal; however, physical and chemical methods of coal desulfurization are expensive. To develop a more economical system, it is very important to obtain bacteria that are capable of efficiently removing the sulfur from coal before combustion.
The inorganic sulfur in coal is effectively converted by strains of Thiobacillus and Sulfolobus into soluble sulfate that can be washed out; however, removal of organic sulfur remains a problem.
There are several reports concerning the microbial degradation of dibenzothiophene (DBT), which has been used as a model compound of organic sulfur mainly found in coal matrix, but the metabolic process of this compound remains to be elucidated. The partial degradation of DBT has been described by several researchers (1, (4) (5) (6) , who showed oxidative degradation of one of the aromatic rings of DBT. A different microbial attack on DBT has been investigated by Holland et al. (3) and Fortnagel et al. (2) , who showed that microorganisms oxidize the sulfur atom of DBT to the corresponding sulfoxide and sulfone. Recently, total mineralization of DBT via DBT-5-oxide, DBT-sulfone, and benzoic acid by a strain of Brevibacterium sp. capable of growing on DBT as a sole source of sulfur, carbon, and energy was reported (7) . Those researchers observed the release of sulfite and subsequent spontaneous oxidation of sulfite to sulfate during the degradation of DBT, but the mechanism of sulfite release has yet to be solved. For desulfurization of coal, it is desirable to remove the sulfur atom from DBT without oxidation of the carbon structure (1 g/10 ml), and after standing for 3 h, the supernatants were collected and filtered through no. 2 filter paper from Advantec Toyo (Tokyo, Japan). Then the filtrate was put on a cellulose nitrate membrane filter with a pore size of 0.45 ,um (Advantec Toyo) to concentrate the bacteria. Then the bacteria on the membrane filter were suspended in 100 ml of SFMM supplemented with 50 mg of DBT and cultivated at 30°C for 1 week. The bacterium purified from the culture broth was determined on the basis of the information in Bergey's Manual of Systematic Bacteriology.
Chemicals. DBT was obtained from Tokyo Kasei Kogyo Co., Ltd., Tokyo, Japan. DBT sulfone was from Aldrich Chemical Co., Inc., Milwaukee, Wis. Although these compounds were of the highest purity commercially available, two recrystallizations in toluene were performed for further purification. Elemental sulfur was purchased from Kanto Chemical, Tokyo, Japan, and DBT-5-oxide was from Aldrich Chemical Co. Dimethyl sulfoxide, all other organic sulfur compounds, and 2-hydroxybiphenyl were obtained from Tokyo Kasei Kogyo Co., Ltd.
Analytical methods. The culture medium was centrifuged (10,000 x g for 15 min) to remove the residual organic substrate and the cells. The supernatant was acidified to pH 2 and passed through a Sep-Pak C18 (Waters, Millipore Corp., Milford, Mass.) cartridge to extract the retained metabolites with methanol. The crude extract was put on a silica gel column (2 by 20 cm) and eluted with benzene to purify each metabolite. Mass spectra were determined on a JEOL DX-303 gas chromatograph-mass spectrometer. Sili-con OV-1 was bonded in the capillary column (Gasukuro Kogyo Inc., Tokyo, Japan), and helium was used as the carrier gas. Proton and carbon magnetic resonance spectra were recorded on a JEOL GSX-500 or Bruker AC300 spectrometer. Thin-layer chromatography was performed on 0.25-mm-thick, precoated silica gel plates containing a fluorescence indicator (Merck, Darmstadt, Federal Republic of Germany) and developed with a solvent system of benzenedioxane-acetic acid (90:25:4, by volume).
The locations of compounds on the chromatograms were detected by use of UV light (253.6 nm) and also by spraying with a 1% solution of KMnO4.
Sulfate and sulfite were determined by ion chromatography with a 2000i/sp ion chromatograph (Dionex, Osaka, Japan), an IonPac AS4A anion-exchange column with a cation suppressor technique, and a conductive detector. A solution of 1.7 mM NaHCO3 and 1.8 mM Na2CO3 was used as the eluent.
Growth, DBT degradation, and formation of metabolites. SY1 was precultivated in SFMM supplemented with thiamine, 1% ethanol as the carbon source, and 500 mg of DBT per liter as the sulfur source at 30°C for 3 days. Five milliliters of SFMM with thiamine and 50 ,ul of a 30 mM DBT-ethanol solution were put in each of 15 tubes and incubated at 30°C with shaking. One tube with the same medium not inoculated was incubated under the same condition for a control. Every 8 h, one of these tubes was used for pH and optical density (OD) measurements and extracted with 4 ml of ethyl acetate after acidification to pH 1.5 with 6 N HCl. One milliliter of the ethyl acetate phase was evaporated and dissolved in 200 pul of methanol, and 1 pd of the solution was used for gas chromatography for quantification. Sulfate in the culture supernatant was determined by using ion chromatography.
Substrate specificity of SYI. Strain SY1 was cultivated in SFMM supplemented with thiamine, 1% glucose, and 500 mg of a sulfur compound. In this study, DBT, benzothiophene, thiophene-2-carboxylate, dimethyl sulfide, FeS2, CS2, and elemental sulfur were used as sole sources of sulfur for SYL.
Detection of sulfite from p-toluenesulfonic acid. One gram of DBT-grown cells was washed and suspended in 20 ml of potassium phosphate buffer (pH 7.0), and 6 pumol of p-toluenesulfonic acid was added as a substrate. After 30 min of incubation at 30°C, the suspension was centrifuged and the supernatant was filtered, diluted with H20, and injected into the ion chromatograph immediately.
RESULTS AND DISCUSSION Characterization of strain SYI. Strain SY1 is a grampositive rod, nonmotile, catalase positive, and oxidase negative. These data suggest that SY1 is a Corynebactenum sp.
Identification of DBT degradation products. Thin-layer chromatography of the crude extract showed spots at Rf = 0.75 (I), 0.63 (II), 0.53 (III), and 0.41 (IV). The major product, product II (51 mg), was isolated from 10 liters of the supernatant of the culture broth. The mass spectrum of product II showed the parent ion at m/z = 170, and 'H nuclear magnetic resonance (NMR) analysis revealed nine aromatic protons and one hydroxyl proton. This product gave UV and mass spectra identical to those of authentic 2-hydroxybiphenyl (2HBP). Products I and III were obtained in small amounts. Elemental analysis of product I showed the presence of a nitrogen element, and the mass spectrum revealed that the parent ion peak appeared at m/z = 215. These data suggested that the molecular formula of product I is C12H,0N03. Figure 1 shows the 'H NMR spectrum of product I. Signals were observed at 8 7.62, 2H (d, aromatic); 8 7.48, 2H (t, aromatic); and 8 7.40, 1H (t, aromatic). These signals suggested the biphenyl structure with one aromatic ring with no substituent and the other aromatic ring having one isolated proton and two adjoined protons. Thus, the structure of product I is proposed to be either 2-hydroxy-4-nitrobiphenyl or 2-hydroxy-5-nitrobiphenyl. But 2-hydroxy-5-nitrobiphenyl is more favorable because c proton signals are shifted upfield, which would be expected if it were proximal to the hydroxyl group. The mass spectrum of product III showed the parental ion peak at mlz = 215, with a mass fragmentation pattern different from that of product I. Taking into account the 'H NMR spectrum of product III shown in Fig. 2 , this compound was assumed to be either 2-hydroxy-6-nitrobiphenyl or 2-hydroxy-3-nitrobiphenyl. It is necessary to carry out further investigations to determine the structures of these compounds. On the basis of the inability of SY1 to use DBT as a sole source of carbon and the accumulation of 2HBP in the culture broth, these compounds are assumed to be formed by introduction of a nitro group into 2HBP.
Thin-layer chromatographic, gas chromatographic, and gas chromatographic-mass spectrometric analyses showed the presence of a small amount of DBT sulfone in the crude extract. The acetone extract of cells yielded a significant quantity of DBT sulfone.
Product IV was also identified by gas chromatographic- oxide. Chemical analyses of the uninoculated controls were also performed by using DBT or 2HBP as the substrate, but no abiotic transformation was observed.
Sulfite release by cells of strain SYl. The cells of strain SY1 released 1 ,umol of sulfite anion from 6 ,umol of p-toluenesulfonic acid (Fig. 3) . The rate of desulfurization was about 17%.
Growth, DBT degradation, and formation of metabolites. Figure 4 shows the growth of SY1, the decrease of DBT, and the formation of 2HBP and sulfate. DBT was exhausted after 65 h, followed by the stationary phase. As SY1 could grow to an OD at 560 nm (OD560) of 1.8 when enough DBT was supplied, the shortage of DBT as the sulfur source caused the relatively low final OD.
Sulfate release was observed, but in a small amount, indicating that the sulfate released from DBT was effectively utilized by SYL. 2HBP formation reached a maximum after 60 h and then decreased, suggesting the formation of hydroxynitrobiphenyls. 2HBP Substrate specificity of SYl. Strain SY1 was cultivated for 3 days in SFMM supplemented with glucose as a carbon source and various sulfur compounds as sole sources of sulfur. Table 1 shows the OD560 and pH of the culture medium after 3 days of cultivation. Strain SY1 grew well on DBT, methyl sulfide, elemental sulfur, and CS2 as sole sources of sulfur and weakly on benzothiophene and FeS2. Additional experiments revealed that SY1 could utilize DBT sulfone, dimethyl sulfoxide, and dimethyl sulfone. This result, together with the fact that SY1 oxidized DBT to DBT-5-oxide and DBT sulfone, suggests that SY1 converts organic sulfide to sulfoxide and then to sulfone. This reaction may be followed by hydrolytic cleavage to form sulfonic acid and subsequent release of sulfite or sulfate (Fig. 5) . According to the results of resting-cell reactions, in which the cells of SY1 released sulfite from p-toluenesulfonic acid, we believe that desulfurization of sulfonic acids occurs as sulfite anion release and that the released sulfite may be spontaneously oxidized to sulfate, which can be utilized for growth of SYL. To minimize energy loss caused by microbial desulfurization of coal, which is the main purpose of this study, it is desirable that the sulfur atom in organic compounds be removed specifically, leaving the carbon structure unchanged. In this respect, strain SY1, which can remove sulfur from DBT, producing 2HBP without further degradation, seems an ideal organism for desulfurization. However, introduction of a nitro group into 2HBP by SY1 is not desirable, as nitrogen oxides also are regarded as a main cause of acid rain. Strain SY1, cultivated in the absence of nitrate ion, which was replaced by ammonium ion as a nitrogen source, produced the hydroxynitrobiphenyls described above in trace amounts (determined by gas chromatographic analysis [data not shown]). This suggests that the nitro group of hydroxynitrobiphenyls was supplied from the nitrate ion in the medium.
At least two hydroxynitrobiphenyls are produced, and they have a nitro group in different positions; it remains unclear whether these enzymes which introduce a nitro group into 2HBP are the same or not. Although the reason for nitration to 2HBP is not clear, there is the possibility of detoxification of 2HBP, as it does harm to this organism. The effect of 2HBP on the growth of SY1 was studied, and it was revealed that SY1 could grow well in the presence of 0.1 mM 2HBP but weakly when the concentration was 0.2 to 0.3 mM, and no growth was observed when the concentration was 0.4 mM. The maximum concentration of 2HBP in the medium during growth was approximately 0.16 mM (Fig. 4) , and this fact also supports the hypothesis.
We intend to investigate both the genetic and the enzymatic aspects of the mechanism of sulfur-specific reactions that convert DBT sulfone to 2-biphenylsulfonic acid and then remove the sulfonic acid group generated as sulfite or sulfate.
